Understanding the role of the medial temporal lobe (MTL) in learning and memory is an important problem in cognitive neuroscience. Memory and learning processes that depend on the function of the MTL and related diencephalic structures (e.g., the anterior and mediodorsal thalamic nuclei) are defined as declarative. We have studied the MTL activity as indicated by regional cerebral blood flow with positron emission tomography and statistical parametric mapping during recall of abstract designs in a less practiced memory state as well as in a well-practiced (well-encoded) memory state. The results showed an increased activity of the MTL bilaterally (including parahippocampal gyrus extending into hippocampus proper, as well as anterior lingual and anterior fusiform gyri) during retrieval in the less practiced memory state compared to the well-practiced memory state, indicating a dynamic role of the MTL in retrieval during the learning processes. The results also showed that the activation of the MTL decreases as the subjects learn to draw abstract designs from memory, indicating a changing role of the MTL during recall in the earlier stages of acquisition compared to the well-encoded declarative memory state. r 1997 Academic Press
INTRODUCTION
Learning processes and memory are fundamental brain functions, enabling the brain to learn and adapt in a changing environment. Learning can be defined as processes by which the central nervous system functionally restructures its processing pathways or its representations of information. Memory can then be viewed as the resulting changes in the processing pathways or representations of information due to these learning processes. From a parallel distributed processing perspective (Amit, 1989 (Amit, , 1995 Arbib, 1995; Haykin, 1994; Hertz et al., 1991; Rumelhart and McClelland, 1986) , learning in a neural network is a dynamical consequence of information processing and network plasticity. Memory consists of changes in the synaptic structure of the processing system, i.e., its functional (or effective) connectivity. Such changes can be detected indirectly at a behavioral level as changes in the performance of a task, as a result of learning or practice.
Understanding the role of the medial temporal lobe (MTL) in learning and memory is an important problem in cognitive neuroscience (Schacter et al., 1996) . Memory and learning processes that depend on the function of the MTL and related diencephalic structures (e.g., the anterior and mediodorsal thalamic nuclei) are defined as declarative (Squire, 1994; Squire et al., 1993; Squire and Knowlton, 1995) . Studies of human amnesia and nonhuman primate models of human amnesia have identified anatomical and functional components of the declarative memory system in the MTL. These consist of the hippocampus and adjacent, anatomically related cortex, including the parahippocampal, entorhinal, and perirhinal cortices (Markowitsch, 1995; Squire and Zola-Morgan, 1991; ZolaMorgan and Squire, 1993) . The MTL has widespread and reciprocal connections with associative neocortex as well as subcortical structures and is essential for establishing long-term declarative memories of facts or general knowledge (semantic memory) and events (episodic memory) (Insausti et al., 1987a,b; Schacter and Tulving, 1994; Squire et al., 1993; Suzuki and Amaral, 1994; Tulving, 1995; Zola-Morgan and Squire, 1993) .
The MTL has been ascribed different functions; for example, it may be needed to bind together the distributed representations contained within different association areas in the neocortex that represent the declarative memory as a whole (conjunctive learning), to enable the rapid acquisition of declarative knowledge for long-term integrative learning, the creation of flexible cognitive map representations (or relational representations), reducing interference (or negative transfer) as well as representation separation, and memory 1 To whom correspondence should be addressed.
NEUROIMAGE 6, 1-11 (1997) ARTICLE NO. NI970276 consolidation (Bibbig et al., 1995; Brown, 1990; Eichenbaum, 1994; McClelland, 1994; McClelland and Goddard, 1996; McClelland et al., 1995; Mesulam, 1990; Nadel, 1994; O'Reilly and McClelland, 1994; Shapiro and Olton, 1994; Squire, 1992; Squire and ZolaMorgan, 1991; Treves and Rolls, 1994) . Distributed activity in the neocortex is thought to be the substrate for perception and short-term memory (Damasio and Damasio, 1994; Fuster, 1994; Mesulam, 1990; Singer and Gray, 1995) . If such distributed cortical activity is to be stored as a long-term declarative memory, then the MTL structures must be engaged at the time of learning (Squire, 1992; Squire and Zola-Morgan, 1991) to bind together the distributed representations. Presumably, the final storage site of declarative knowledge is in the neocortex, i.e., the neocortical memory network (Eichenbaum, 1994; Fuster, 1994; McClelland et al., 1995; Mesulam, 1990; Nadel, 1994; Squire and Alvarez, 1995; Squire and Knowlton, 1995; Squire and Zola-Morgan, 1991; Treves and Rolls, 1994; ZolaMorgan and Squire, 1993) . This implies that declarative learning and memory storage is dependent on some type of interaction between the MTL and the neocortex.
The phenomenon of temporally graded retrograde amnesia has given rise to the concept of memory consolidation, meaning the high-level process by which declarative memory becomes independent of the MTL memory system (Squire, 1992; Squire and Alvarez, 1995; Squire et al., 1993) [this concept of memory consolidation should be carefully distinguished from other concepts of memory consolidation, for example with biochemical connotations (Squire and Alvarez, 1995) ]. It has been hypothesized that repeated reactivations of the neocortical representations of declarative memories would strengthen the neocortical interconnections so that eventually the neocortical memory network can support declarative memory retrieval independently of the MTL (Alvarez and Squire, 1994; McClelland, 1994; McClelland and Goddard, 1996; McClelland et al., 1995; Squire and Alvarez, 1995; Treves and Rolls, 1994) . This suggest that the interaction between the MTL and the neocortex may be dynamic, i.e., changing as a function of repeated activations of the interacting networks or as a dynamical consequence of repeated processing and network plasticity.
Jones-Gotman has devised a free recall abstractdesign-list-learning paradigm sensitive to MTL lesions (Jones-Gotman, 1986) . In order to explore the functional aspects of the MTL, we modified JonesGotman's test and constructed a PET paradigm to test recall of abstract visuospatial designs, in a less practiced memory state (novel recall, NR) and in a wellpracticed (well-encoded) memory state (trained recall, TR). We hypothesized that the interaction between the MTL and the neocortex during the recall of the abstract design would change as a result of practice. Presumably practice (in this case repeated encoding and recall) would repeatedly reactivate the neocortical representations and hence strengthen interconnections in the neocortical network in such a way that the neocortex eventually can support declarative retrieval less dependent on the interaction with the MTL. We also hypothesized that this change would be detectable as a difference in the activity of the MTL during NR compared to TR.
MATERIALS AND METHODS

Subjects
Eleven right-handed [Edinburgh handedness inventory (Oldfield, 1971; Raczkowski et al., 1974) ] healthy male subjects (mean age 24, 22-29) were included in the study. The subjects were prescreened and none of the subjects used any medication or had a history of drug abuse (including nicotine), head trauma, neurological or psychiatric illness, or had a history or a family history of neurological or psychiatric illness. All had 1-5 years of university level education. The study was approved by the local Ethics and Radiation Safety Committees at the Karolinska Hospital. Informed consent was given by all subjects.
The Experimental Paradigm and Procedures
The subjects practiced all aspects of the experimental paradigm (with sham injections) for approximately 20 min in the PET camera before the experiment started, in order to get accustomed to the various aspects of the paradigm.
The experimental paradigm consisted of two identical blocks separated by approximately 30 min of rest when the subjects were allowed to leave the PET camera (Fig. 1c) . Within each block scanning was done during reference state (RS), NR, and TR. Each block consisted of six scans, with at least 10 min between scans, in the order RS/NR/NR/training period/TR/TR/RS.
In the RS the subjects filled in the contours of simple predrawn designs [of the same size as the abstract designs (see below), such as squares, circles, and triangles]. These were shown on the monitor (Fig. 1a) . Visual feedback of the hand was provided by closedcircuit TV and shown on a monitor just below the computer screen (Fig. 1a) . Following the first RS scan in a block, the subject was engaged in the basic experimental cycle (encoding-recall cycle) which consisted of an encoding part and a recall part (Fig. 1b) . During encoding (copying), a list of 15 separate abstract designs, simple enough to be copied rapidly but sufficiently complex to discourage direct descriptive naming (Jones-Gotman, 1986) , were shown for 15 s each on a computer screen (Fig. 1a) . The subject copied each design one time, and all designs were copied with a pen on the same paper. Following encoding the subject read a nonsense text (shown on the computer screen) aloud for 30 s in order to prevent recency effects (Baddeley, 1995) . After this the recall part was started, the bolus injection given (the PET scanning started as soon as the bolus reached the brain and continued for the next 60 s), and the subject was instructed to start drawing the designs from memory. The subject reproduced the designs as faithfully as possible in any order during recall. The subject had 5 min at his disposal to reproduce the designs in order not to feel time as a limiting factor. This would also allow the subject to fully report what had been retained in long-term memory.
Two different lists of 15 designs were used, one for each block, balanced over blocks. During each block there was a training period between the second NR scan and the first TR scan (Fig. 1c) . The training period consisted of 6 encoding-recall cycles. Altogether the subject went through 10 encoding-recall cycles and was scanned on the first two and the last two recall procedures during each block. The time between when the subject was first confronted with the list of abstract designs and the last time during trained recall was approximately 1 h and 15 min, for each list.
The instructions to the subject were to copy each of the 15 designs one time as faithfully as possible, then to read the text aloud, and finally, during the recall part (scanning), to reproduce the designs as faithfully as possible in any order. These instructions were repeated before every new encoding-recall cycle (when scanning was to be done) started.
During the experiment the subjects hand movements were confined to <12 3 18 cm by the field of view of the monitor (<5°).
PET Scanning
Each subject underwent 12 measurements of regional cerebral blood flow (rCBF) with a 3D Ecat Exact HR PET scanner and bolus injections of [ 15 O]butanol (Berridge et al., 1990; Wienhard et al., 1994 ) (for details see Ingvar et al., 1994) . The camera was used in 3D-sampling mode producing 60-s tracer uptake images. The different tasks were started at the time of tracer injection and the scanning was automatically initiated when the activity level in the brain exceeded a predetermined level above background. Scatter correction was done and a 2D-transmission scan was used for attenuation correction.
Data Analysis
The PET images were realigned, spatially normalized, and transformed into a common stereotactic space (Talairach and Tournoux, 1988) , 3D-Gaussian filtered (14-mm FWHM), proportionally scaled to account for global confounders and analyzed with statistical parametric mapping (SPM) (Friston et al., 1995a,b; Worsley et al., 1992) . The order of scans within each state was used as a confounding covariate. Since a regional hypothesis concerning the role of the medial temporal lobe in declarative learning and memory function was made, the search volume was restricted to z coordinates between 18 and 228 in the Talairach space. To test hypotheses about regionally specific condition or covariate effects, estimates were compared using linear contrasts. The resulting set of voxel values for each contrast constitutes a statistical parametric map of the t statistic, SPM(t), that was transformed to standard normal distributed parameters, SPM(Z), and thresholded at 3.09 (omnibus significance P , 0.001). The resulting activated regions were then characterized in terms of spatial extent (k) and peak-height (u) of local maxima. All reported P values are corrected for multiple nonindependent comparisons.
The reproduced designs were scored (the recall score) according to the following: near exact reproduction of (Greitz et al., 1991) . The locations of the ROIs were also chosen so that the distance between the centers of ROIs in the same hemisphere were approximately 14 mm apart to minimize mixing caused by the 3D-Gaussian filtering (14-mm FWHM), and the diameters of the ROIs (6 mm) were chosen so that a given ROI was located inside a given structure. The ROI data were generated with the CBA computer software from adjusted SPM data and analyzed with a one-factor ANOVA, and specific contrasts were used to test for differences in ROI means between states (i.e., RS, NR, and TR).
RESULTS
In the given context activation and deactivation are used as synonyms for increased and decreased, respectively, rCBF. The tables of local maxima use the Talairach-Tournoux anatomical designations for anatomy 2 (Talairach and Tournoux, 1988) . All reported P values are corrected for multiple nonindependent comparisons.
Comparing NR with TR
Our data (Table 1, Fig. 3) show that the activity in the MTL is significantly higher during novel recall, when 2 Because of the regionally specific hypothesis made, we concentrate on the results relating to the medial temporal lobe. Other results will be reported elsewhere. (Greitz et al., 1991). mean performance was 26 6 10 (mean 6 SD, maximum obtainable recall score 5 45 5 15 3 3), compared to trained recall, when performance was improved to almost perfection (44 6 1, improvement P , 0.0001, Wilcoxon signed rank test). During the approximately 80 s from bolus injection to the end of scanning, the subjects reproduced 6.2 (61.3) designs during NR and 9.3 (62.5) during TR. The bilaterally activated MTL inferotemporal regions (volume of right 1002 voxels, P 5 0.001, and volume of left 1521 voxels, P , 0.001) included parahippocampal gyrus extending into hippocampus proper, as well as anterior lingual, anterior fusiform, and inferior temporal gyri according to the Karolinska computerized brain atlas (Greitz et al., 1991) . The local maxima are given in Table 1 .
We also correlated rCBF with the mean learning curve (i.e., using the mean recall scores for the different NR and TR scans as a linear contrast) and found negative correlations in the same regions of MTL (Table 2 ).
Comparing NR with RS
To see how the relevant MTL inferotemporal regions responded in NR and TR compared to RS we masked with the significant volumes in the NR-TR comparison (thresholding at P 5 0.001).
Comparing NR with RS, the same MTL inferotemporal regions (including bilateral parahippocampal gyri extending into right hippocampus proper and lingual, fusiform, and inferior temporal gyri bilaterally, according to the Karolinska computerized brain atlas) were significantly activated (volume of right MTL inferotemporal region 815 voxels, P 5 0.002, and volume of left MTL inferotemporal region 695 voxels, P , 0.003). There were local activation maxima in the right parahippocampal gyrus (BA 28/35/36, [x, y, z] 5 [28, 224, 224] , Z 5 4.58, P 5 0.003), right fusiform gyrus/ cerebellum (BA 36/37/20, [x, y, z] 5 [30, 238, 224] , Z 5 6.73, P , 0.001), right inferior temporal gyrus (BA 37, [x, y, z] 5 [48, 262, 220] , Z 5 9.60, P , 0.001), and left fusiform/cerebellum gyrus (BA 37, [x, y, z] 5 [32, 244, 224] , Z 5 6.73, P , 0.001). There were no significant deactivations in this comparison.
Comparing TR with RS
Comparing TR with RS, we found a significantly activated right infero-occipitotemporal region (volume 322, P 5 0.02, including right inferior temporal, fusiform, and lingual gyri according to the CBA) and there were local activation maxima in right fusiform gyrus/ cerebellum (BA 36/37/20, [x, y, z] 
Results from the ROI Analysis
The results from the ROI analysis are shown in Table  3 . All P values are Bonferroni-corrected for multiple comparisons. The rCBF (arbitrary units, globally normalized to 50) was higher in NR compared to TR in right parahippocampal gyrus (NR 63.7, TR 61.5, P , 0.0005), left parahippocampal gyrus (NR 60.6, TR 58.4, P , 0.0005), right hippocampus (NR 62.3, TR 61.1, P 5 0.0008), and left hippocampus (NR 63.3, TR 61.9, P , 0.0005). The rCBF was higher in NR compared to RS in right parahippocampal gyrus (NR 63.7, RS 61.9, P , 0.0005), left parahippocampal gyrus (NR 60.6, RS 59.2, P , 0.0005), right hippocampus (NR 62.3, RS 60.8, P , 0.0005), and left hippocampus (NR 63.3, RS 62.9, NS). Finally, the rCBF was lower in TR compared to RS in left hippocampus (TR 61.9, RS 62.9, P 5 0.001) and left parahippocampal gyrus (TR 58.4, RS 59.2, P 5 0.001). Talairach and Tournoux (1988) .
b All P values are corrected for multiple nonindependent comparisons.
DISCUSSION
We demonstrate a significantly increased activity in the MTL during the less practiced NR state compared to the well-practiced memory state TR (Fig. 3, Table 1 ). There were also neocortical differences between NR and TR, including increased activity in prefrontal, anterior insular, anterior cingulate, and parietooccipital, as well as decreased activity including posterior occipitotemporal and visual areas (these results will be reported elsewhere). This is consistent with our hypothesis that the interaction between the MTL and the neocortex would change as a result of repeated encoding and recall.
Medial temporal lobe activations have been reported in a number of memory-related PET studies (e.g., Grady et al., 1995; Grasby et al., 1993; Haxby et al., 1996; Kapur et al., 1995; Schacter et al., 1996) . Consistent with this, in NR compared to RS, we find in the SPM analysis significantly activated MTL inferotemporal regions (including right hippocampus proper and parahippocampal gyri bilaterally). There was a significant local maximum in the right parahippocampal gyrus, and with the more sensitive ROI analysis, increased activity was also detected in the left parahippocampal gyrus (Table 3) . This is also consistent with the reported sensitivity of the Jones-Gotman test for MTL lesions, in particular right MTL lesions (JonesGotman, 1986) .
Comparing TR with RS we find a significantly activated right infero-occipitotemporal region while we find a significantly deactivated left infero-occipitotemporal region. The different response patterns in the right and the left infero-occipitotemporal region compared with the MTL indicate that the functional significance of the infero-occipitotemporal regions is different from that of the medial temporal lobes.
FIG. 3.
Relevant regions of activation and deactivation from the different contrasts. Horizontal, saggital, and coronal views of the activated region in NR compared to TR are shown in the first row. This volume of interest was used to mask the other contrast to investigate how this volume of interest responded in the different states (i.e., RS, NR, and TR) shown in the second row. The cross hairs indicate the coordinate [x, y, z] 5 [26, 220, 222] in the NR-TR and NR-RS contrasts, the coordinate [x, y, z] 5 [26, 220, 216] in the RS-NR and TR-RS contrasts, and the coordinated [ x, y, z] 5 [232, 224, 216] in the RS-TR contrast. All contrasts are thresholded at the significance level P 5 0.01 for illustrative purposes.
According to the ROI analysis the activity in the left hippocampus was significantly greater during RS compared to TR (Table 3) . Hence, only the left hippocampus is activated in both RS and NR compared to TR. This may reflect that there is an episodic encoding component in RS. This is also consistent with the hypothesis that the left hippocampal formation is more continuously active than the right (Rugg et al., 1996) and therefore more difficult to activate differentially.
Most importantly we demonstrate a significantly increased activity in the MTL during the less practiced NR state compared to the practiced memory state TR (Fig. 3, Table 1 ). This is consistent with electrophysiological evidence of changing neuronal responses in the hippocampus during conditional spatial response learning . It is worth stressing that all subjects were fully occupied with declarative recall during the whole scanning time in all the NR and TR scans. It is also worth pointing out that this response pattern in the MTL (i.e., the MTL is more active during NR compared to TR) was repeated for each block in the experiment (i.e., each list of abstract designs, see Fig.  4 ). Further, we show that the activation of the MTL decreases as the subjects learn to draw abstract designs from memory (Table 2) .
There are several possible interpretations of these findings, not necessarily incompatible with one another. It has been hypothesized that memory representations correspond to stable or quasistable dynamical attractors (in a dynamical systems sense; see for example Amit, 1989 Amit, , 1995 Arbib, 1995; Beck and Schlögl, 1993; Haykin, 1994; Hertz et al., 1991) . From a dynamical systems perspective, the low mean NR recall scores may be interpreted as indicating that not all of the neocortical representations (patterns of activation) of the different abstract designs are stable enough to be retrieved successfully (i.e., representing stable or quasistable dynamical attractors). The increased activation of the MTL during NR may then be interpreted as indicating that the initial stabilization of the memory representations are dependent on the MTL-neocortical interaction and the rapid plasticity of the MTL. Presumably, repeated encoding and recall would reactivate the neocortical representations and hence strengthen the neocortical interconnections in such a way that the a The coordinates of the local maxima refer to the anatomical space of Talairach and Tournoux (1988) .
b All P values are corrected for multiple nonindependent comparisons. Talairach and Tournoux (1988) .
b All P values are Bonferroni-corrected and relate to the significance of difference between the means indicated (SD, standard deviation; NS, nonsignificant, i.e., P . 0.05).
neocortical network eventually can support declarative retrieval, less dependent on the interaction with the MTL, as indicated by the decreased activation of the MTL compared to NR. The repeated reactivations may also lead to increased stability and probability of retrieval success as indicated by the increase in the recall scores. This interpretation is also consistent with several recent theoretical hypotheses concerning the role of the MTL (Alvarez and Squire, 1994; McClelland, 1994; McClelland and Goddard, 1996; McClelland et al., 1995; Robins, 1996; Treves and Rolls, 1994) .
The changing role of the MTL as a result of practice can also be interpreted in the light of the concept of memory consolidation, meaning the high-level process by which declarative memory representations become independent of the MTL, i.e., as time passes after learning there is a gradual reorganization of declarative memory whereby memories which are initially dependent on the MTL become independent of this system (Squire, 1992; Squire and Alvarez, 1995; Squire et al., 1993) . The concept of memory consolidation has its roots in the observation of temporally graded retrograde amnesia, observed in humans, nonhuman primates, and rodents (Squire, 1992) . Also, lesions in MTL affect consolidation of recently formed memories but have no effect on consolidated memories (Zola-Morgan and Squire, 1990) . The temporal gradient observed in temporally graded retrograde amnesia has been estimated to extend for months to years in humans and, in animal models of temporally graded retrograde amnesia, weeks to months in nonhuman primates and days in rodents (Squire, 1992; Squire and Alvarez, 1995; Zola-Morgan and Squire, 1990) . Further, the time course of consolidation will vary not only depending on the species, but also depending on the strength of initial learning and the rate of forgetting . In our experiment, the time between when the subject was first confronted with the list of abstract designs and the last time during trained recall was approximately 1 h and 15 min for each list and the subject was subjected to intense learning during this time.
Memory consolidation is most likely not a unitary neurobiological process, but is subserved by several different neurobiological processes with different time constants. The results of Brasher-Krug et al. (1996) seem to indicate that effects of consolidation in the neocortex are measurable within at most 4 h at the behavioral level. Presumably this reflects a consolidation processes that started at the time of learning. This would indicate that it may be possible to detect consolidation effects earlier using functional imaging modalities like PET. Practice-related changes in the cortical functional anatomy have been detected with PET within 15 min to 2 h, in sequence learning Grafton et al., 1995) , in trial-and-error learning of a motor sequence with performance feedback (Jenkins et al., 1994) , in procedural perceptuomotor learning (Grafton et al., 1992) , and in a nonmotor verbalassociative task (Raichle et al., 1994) .
There may be a problem with the consolidation interpretation since consolidation has been related to the temporal dimension, and in our experiment this is confounded with practice. However, it has been hypothesized that it is not only time per se that is important for memory consolidation, but also repeated activations of the neocortical representations as a consequence of, for example, new learning events, rehearsal, or quasirandom activity across time (Alvarez and Squire, 1994; McClelland, 1994; McClelland and Goddard, 1996; McClelland et al., 1995; Squire and Knowlton, 1995; Squire et al., 1989; Treves and Rolls, 1994) or during sleep (Buzsaki, 1996; Maquet et al., 1996; McClelland et al., 1995; Skaggs and McNaughton, 1996; Wilson and McNaughton, 1994) . Interestingly, it has been shown in artificial neural network models that memory consolidation can occur as a consequence of repeated reactivations of memory representations (Alvarez and Squire, 1994) or rehearsal and pseudorehearsal processes (Robins, 1995 (Robins, , 1996 (see also the discussion in McClelland, 1994; McClelland and Goddard, 1996; McClelland et al., 1995) . If this is the case then the repeated encoding and recall during practice should contribute to memory consolidation and as a consequence the neocortex should be able to support declarative retrieval, if not independently so at least less dependently on the interaction with the MTL. Our data are consistent with such an interpretation.
A third interpretation relates the changing role of the MTL as a consequence of repeated encoding to the difference between episodic and semantic memory. Semantic memory has been hypothesized to result from the accumulation of many memory episodes (Baddeley, 1994) or information gathered in the course of specific experiences (Squire, 1986; Tulving, 1983) . Possibly, repeated encoding and recall would transform initial episodic memory into more semantic-like memory and the changing role of the MTL may then be interpreted as indicating that episodic memory retrieval may be more dependent on the function of the MTL compared to semantic memory retrieval.
A fourth perspective relates to the concepts of retrieval attempt and retrieval success. Retrieval attempt refers to processes engaged in trying to retrieve information from memory, while retrieval success refers to processes selectively engaged when retrieval attempt is successful. In our experiment, the subjects were more successful in retrieving the stored information in TR during the 5 min of recall time compared to NR. If this interpretation is correct, this would imply that retrieval attempt with low retrieval success is associated with higher activity in the MTL compared to retrieval attempt with high retrieval success. This interpretation may be consistent with findings of a positive correlation between retrieval success and MTL activity (Nyberg et al., 1996) , since the amount of encoding was not as varied in that study as in ours. However, during scanning (it should be remembered that the PET methodology is most sensitive to changes in activation during the first 30 s of scanning) the subjects were generally successful in retrieving their stored information during both NR and TR, though the rate of retrieval success was somewhat higher during TR compared to NR.
The data could also be seen as being consistent with a different hypothesis of the role of the MTL which suggests that the hippocampal formation may subserve aspects of retrieval in service of novelty assessment , or recency detection (Brown, 1990) , even if it may have less to contribute to retrieval of highly familiar information. This would also be in line with electrophysiological evidence of changing responses in hippocampal neurons to novel compared to familiar stimuli .
A final perspective relates to a well-known problem in the computational theory of learning systems, i.e., the serial learning problem or the stability-plasticity dilemma (Arbib, 1995; Carpenter and Grossberg, 1993; Grossberg, 1987; Hertz et al., 1991) . The possibility of rapid and effective learning requires system adaptability or network plasticity. This brings instability into the system and poses a threat to the stability of the same. In artificial neural networks this has been called catastrophic interference (McClelland et al., 1995; McCloskey and Cohen, 1989; Ratcliff, 1990) or catastrophic forgetting (Robins, 1995 (Robins, , 1996 . Computational considerations concerning parallel distributed processing suggest that rapid learning through synaptic modifications and relational binding in a MTL module, memory consolidation through interaction between a MTL module and neocortical modules, and final integrative memory storage in neocortical modules may be a solution to the serial learning problem in certain learning systems (Cohen and O'Reilly, 1996; McClelland and Goddard, 1996; McClelland et al., 1995; Squire and Alvarez, 1995) . In this context, memory consolidation gets a functional interpretation in terms of successful and effective integration of newly acquired information into existing long-term memory. Our findings are consistent with such views.
CONCLUSIONS
In conclusion, we present experimental evidence for a changing role of the MTL in the recall of abstract visuospatial designs as a result of repeated encoding and recall, i.e., the MTL was more activated during retrieval in the less practiced memory state compared to the well-practiced memory state, indicating a dynamic role of the MTL in retrieval during the learning process. We also demonstrate that the activation of the MTL decreases as the subjects learn to draw abstract designs from memory, indicating a changing role of the MTL during recall in the earlier stages of acquisition compared to the well-encoded declarative memory state.
